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E-mail address: a.p.brown@durham.ac.uk (A. BrowThe predicted mature portion of a putative 3-hydroxyacyl-ACP dehydratase (DH) from Arabidopsis
was linked to an N-terminal poly-histidine-tag and the fusion protein expressed in Escherichia coli.
Soluble dehydratase was present on induction at 25 C and pure dehydratase eluted from a nickel-
afﬁnity column in 0.2–0.5 M imidazole. High concentrations of imidazole were necessary to retain
enzyme solubility. The dehydratase reaction is reversible and 3-hydroxybutyryl- and 2-butenoyl-
ACP substrates were prepared from E. coli apo-ACP. Analysis of these suggested contamination of
apo-ACP with dehydratase and an additional reverse-phase chromatographic step was required dur-
ing acyl carrier protein (ACP) preparation. Activity of puriﬁed dehydratase was demonstrated by
mass spectrometry using 2-butenoyl-ACP, providing the ﬁrst functional experimental evidence for
plant DH gene sequences.
 2008 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Fatty acids are synthesised by a cyclical series of reactions
occurring on acyl-substrates linked to acyl carrier protein (ACP).
Each cycle consists of condensation, reduction, dehydration and
further reduction steps, and two-carbon units are repetitively
added until the appropriate chain length is reached. The third step
of elongation, conversion of 3-hydroxyacyl-ACP to trans-2-enoyl-
ACP by dehydration, is catalysed by 3-hydroxyacyl-ACP dehydra-
tase (DH). Fatty acid synthase (FAS) enzymes are classiﬁed as type
I, composed of large (>200 kDa) multifunctional proteins, or type II,
in which individual catalytic activities are on separate polypep-
tides [1]. Type II FAS systems are found in most bacteria and plant
plastids and the synthesis of a C18 unsaturated fatty acid from the
initial Coenzyme A (CoA) substrates, acetyl-CoA and malonyl-CoA,
requires co-ordinated activity of eight enzymes [2,3]. We have an
interest in the organisation of FAS enzymes in plants and wanted
to express and purify all Arabidopsis thaliana type II FAS compo-
nents, including DH.
The model system for type II FAS enzyme expression and anal-
ysis is Escherichia coli, for which the structure of all the enzymeschemical Societies. Published by E
ty acid synthase; MS, mass
CP dehydratase; amu, atomic
n).has been determined [4]. E. coli contains two DH enzymes, one of
which (FabA) is required for unsaturated fatty acid synthesis and
is a dual dehydratase/isomerase enzyme, acting primarily on C10
substrates [5]. The FabA gene was among the ﬁrst FAS genes iso-
lated [6], mutation of FabA causing an unsaturated fatty acid aux-
otrophic phenotype. The other hydroxyacyl-ACP dehydratase in
E. coli (FabZ) is the core enzyme required for fatty acid elongation
from C4 to C18 and was identiﬁed later as the site of suppression of
a temperature-sensitive lipid A biosynthetic mutant [7]. The func-
tion of FabA and FabZ enzymes from E. coli has been demonstrated
by analysis of ACP-derivatives on native gels containing urea [5].
Plant DH enzymes have been puriﬁed from a number of species
[8,9] and several putative genes have been identiﬁed in sequence
databases but there is, to our knowledge, no deﬁnitive proof of
function of the gene product. It is becoming increasingly apparent
that such conﬁrmation is important, as gene identiﬁcation by
homology alone can give rise to erroneous conclusions. For exam-
ple, identiﬁcation of the ﬁrst diacylglycerol acyltransferase se-
quence followed analysis of expressed proteins with homology to
acyl-CoA:cholesterol acyltransferase [10]. Whilst plant DH has
been puriﬁed to apparent homogeneity from spinach [9], no amino
acid sequence data is available, which would greatly strengthen
putative database assignments.
We report here the expression, puriﬁcation and assay of activity
of an A. thaliana type II 3-hydroxyacyl-ACP dehydratase using
crotonoyl (2-butenoyl)-ACP substrate. This was made from an
acyl-CoA analogue and recombinant E. coli apo-ACP usinglsevier B.V. All rights reserved.
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ment to further purify ACP to remove contaminants, which other-
wise apparently equilibrate enzyme substrates during synthesis
and prevent reaction analysis. DH activity was monitored by a di-
rect assay using mass spectrometry (MS) that identiﬁes both sub-
strate and product and to our knowledge this is the ﬁrst proof of
function of a putative DH from plants. The conﬁrmation of plant
DH amino acid sequence allows us to make preliminary conclu-
sions on potential molecular interactions of three FAS components.
2. Materials and methods
2.1. Materials
High purity formic acid and acetonitrile for MS analysis were
from Merck and Rathburn. Crotonoyl-CoA and 3-hydroxybutyryl-
CoA were from Sigma and chemicals were reagent-grade or higher.
2.2. Expression and puriﬁcation of A. thaliana 3-hydroxyacyl-ACP
dehydratase
DNA coding for a 161 amino acid DH fragment was inserted in
pET28a (Novagen). IPTG-mediated protein expression in E. coli was
at 25 C for 4 h (See Supplementary data for further details) and DH
puriﬁcation used a 1 ml HisTrapTM HP nickel-afﬁnity column (GE
Healthcare). Bacteria were lysed with lysozyme/DNAase treatment
in nickel-binding buffer A (20 mM NaH2PO4, 20 mM imidazole
0.5 M NaCl pH 7.4) and the lysate centrifuged and ﬁltered before
column loading. The column was washed with 5 ml buffer A before
step elution with 10 ml buffer A containing 0.2 M imidazole, fol-
lowed by 2  5 ml buffer A containing 0.5 M imidazole pH 7.4.
DH was in the 0.5 M imidazole fraction, and 16% (v/v) glycerol
was added before snap-freezing and storage at 20 C.
2.3. Puriﬁcation of E. coli ACP
Expressed E. coli apo-ACP was puriﬁed by anion-exchange chro-
matography as described [11] and freeze-dried after dialysis into
water. ACP was re-suspended in buffer A (50 mM sodium phos-
phate pH 7.2) plus 2 M (NH4)2SO4 and applied onto a butyl-sephar-Fig. 1. Alignment of putative plant DH and E. coli FabZ sequences. Predicted full-length
(NP_001155645) and E. coli FabZ (NP_414722) were aligned with Clustalw2 (http://ww
identical in all sequences and full stops indicate conserved substitutions. The black triangose column previously equilibrated with 1.7 M (NH4)2SO4 in buffer
A. Protein was eluted with a gradient of 1.7–0 M (NH4)2SO4 in buf-
fer A. ACP-fractions were dialysed into water and freeze-dried and
ACP re-suspensed in 20 mM Tris/HCl pH 6.8 for use.
2.4. Synthesis of acyl-ACP substrates
This was as described [11] but with 50 lM apo-ACP, 200 lM
acyl-CoA and the synthesis of acylated ACP-derivatives was as-
sessed by mobility shift on native gels containing urea [12]. Fol-
lowing dialysis into water, the identity of ACP-derivatives was
analysed by addition of 10% formic acid/50% acetonitrile and static
infusion into a Q-star Pulsar I tandem mass spectrometer (Applied
Biosystems). Substrates were freeze-dried and re-suspended in
20 mM Tris/HCl pH 6.8 before storage at 20 C.
2.5. Assay of DH activity by electrospray-ionisation-MS
Assays contained 10 mM NaH2PO4, 0.25 M NaCl, 0.25 M imidaz-
ole pH 7.4, dehydratase and 20 lM crotonoyl-ACP. Addition of DH
containing imidazole and NaCl meant samples had to be de-salted
before MS analysis. For this, 8 ll samples were acidiﬁed with 2.7 ll
10% formate and applied to a C4 Zip-tip (Millipore) that had been
treated with 2  10 ll ACN and 2  10 ll 1% formate. After wash-
ing in 3  10 ll 1% formate, ACPs were eluted in 6 ll 50% ACN, 1%
formate for infusion into the Q-star mass spectrometer. The data
acquisition window was routinely 800–1600 m/z and spectra were
de-convoluted using the Bayesian Protein Reconstruct Tool in Bio-
Analyst (Applied Biosytems/MDS-Sciex). Typically, mass graphs
between 8 and 10000 atomic mass unit (amu) were calculated.
3. Results and discussion
3.1. Expression and puriﬁcation of acyl-ACP dehydratase
A recent survey of the A. thaliana genome for genes associated
with acyl-lipid metabolism [http://www.plantbiology.msu.edu/
lipids/genesurvey/index.htm] found two sequences homologous
to DHs – At2g22230 and At5g10160. The proteins contain 220
and 218 amino acids and the predicted mature polypeptides areopen reading frames from A. thaliana (At2g22230), B. napus (AAK60545), O. sativa
w.ebi.ac.uk/Tools/clustalw/) using default parameters. Open circles denote residues
le shows the N-terminal amino acid of A. thaliana dehydratase chosen for expression.
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Fig. 2. Puriﬁcation of histidine-tagged A. thaliana DH by nickel-afﬁnity chroma-
tography. Samples from puriﬁcation were: (1) soluble cell lysate, (2) ﬂow during
sample loading, (3) column wash (4) 0.2 M imidazole elution, and (5) 0.5 M
imidazole elution. Expressed DH in the cell lysate is indicated by dots and mobility
of molecular weight markers shown.
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better reliability score (0.925 vs. 0.872) for plastid-location using
TargetP [See http://lipids.plantbiology.msu.edu/Localization.htm
for description]. Alignment of putative plant DH sequences and
E. coli FabZ (Fig. 1) revealed a conserved sequence likely to be re-
quired for enzyme activity and a further 16 amino acid conserved
region towards the N-terminus of the three plant proteins. The var-
iable N-terminal sequences in the plant proteins are probable plas-
tid-import peptides and accordingly primers were designed for
expression of a 161 amino acid protein from glutamate 60 to the
C-terminal serine 220 of the protein encoded by At2g22230.
Ampliﬁed DNA was cloned into pET28a to enable expression in
E. coli with an N-terminal histidine-tag.
When A. thaliana DH was expressed in E. coli at 30 C or 37 C
using standard IPTG-mediated induction, induced protein was in
the insoluble (28000  g pellet) fraction and to maintain solubility,
expression was performed at 25 C. Puriﬁcation of DH was by nick-
el-afﬁnity chromatography, with DH eluting in buffer containing
0.5 M imidazole (Fig. 2). The high concentration of imidazole re-
quired for elution might reﬂect the fact that expressed DH is poly-
meric and gel-ﬁltration experiments have previously suggested
that plant DH is a tetramer [9]. The identity of puriﬁed DH was8936
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Fig. 3. MS analysis of crotonoyl-ACP and 3-hydroxbutyryl-ACP substrates made with a sta
ACP substrates synthesised from: (A) crotonoyl-CoA, and (B) 3-hydroxybutyryl-CoA.conﬁrmed by peptide mass ﬁngerprinting of a tryptic digest from
an SDS–PAGE gel slice. Supplementary Fig. S1 shows the expressed
protein sequence and tryptic peptides used for protein identiﬁca-
tion with two different ionisation methods.
Puriﬁed DHwas in 20 mMNaH2PO4, 0.5 M NaCl and 0.5 M imid-
azole pH 7.4 and attempts were made to reduce the ionic strength
by dialysis. It was possible to remove NaCl by dialysis and retain
soluble DH in 20 mMNaH2PO4, 0.5 M imidazole pH 7.4, but dialysis
into 0.5 M NaCl, 20 mM NaH2PO4 buffer caused DH precipitation.
Dialysis into 0.5 M NaCl, 20 mM NaH2PO4 containing 250, 125
and 50 mM imidazole resulted in, respectively 80%, 39% and 9% sol-
uble DH remaining after centrifugation. Puriﬁed DH was stored at
20 C in the 0.5 M imidazole elution buffer plus 16% glycerol,
freezing without glycerol caused precipitation. It is unclear why
imidazole is required for DH solubility.3.2. Synthesis of acyl-ACP substrates following additional apo-ACP
puriﬁcation
Acyl-ACP substrates were required for proof of DH activity, as
the plant enzyme does not utilise acyl-CoA analogues [9], which
have simpliﬁed recent analysis of DH enzymes from protozoan
species [13,14]. Alternative methods for DH ACP substrate synthe-
sis have been reported, including in situ preparation from satu-
rated acyl-CoAs and appropriate puriﬁed FAS enzymes [5] and
chemical synthesis of crotonoyl-ACP (for assay of the reverse DH
reaction) with crotonic anhydride and reduced ACP [15]. MS anal-
ysis showed crotonoyl-ACP made this way to be multiply-deriva-
tised at unknown sites in addition to the active thiol [16]. Using
holo-ACP synthase (AcpS) to transfer acyl-phosphopantetheine
from crotonoyl-CoA to apo-ACP resulted in purer substrate [16]
and this method was chosen for the present study. The dehydra-
tase reaction is freely reversible and can be assayed with 3-
hydroxyacyl-ACP or with a 2-enoyl-ACP. Holo-ACP synthase is
active with a variety of acyl-CoA substrates but availability of the
four-carbon compounds 3-hydroxybutyryl- and crotonoyl-CoA
meant these were the acyl chain lengths chosen.
3-Hydroxybutyryl- and crotonoyl-ACP were synthesised using
E. coli apo-ACP puriﬁed by mono-Q chromatography as described
previously [11] and reaction products analysed by electrospray-
ionisation MS. The duration of sample infusion alters acquired
spectra slightly but the reproducibility of ACP-derivative masses
was ±1 kDa. MS analysis of the initial ACP substrates led to the8917
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ndard apo-ACP preparation. Mass-graphs from 8800 to 9200m/z of freshly prepared
366 A. Brown et al. / FEBS Letters 583 (2009) 363–368conclusion that the synthesis reactions were probably contami-
nated with DH. In a stored crotonoyl-ACP sample, the ratio of
crotonoyl- to 3-hydroxybutyryl-ACP was found to be 1:3.1, close
to the measured equilibrium value of 1:2.85 for E. coli DH [17],
and after further parallel syntheses the ratios were 1:3.2 and
1:5.8 respectively in substrates made with crotonoyl- and
3-hydroxybutyryl-CoA. The mass graphs of ACPs from these two
reactions were essentially identical (Fig. 3), with peaks
corresponding to [crotonoyl-ACP+H]+ (8917 amu), [3-hydroxy-
butyryl-ACP+H]+ (8936 or 8935 mass), alkali metal adducts of
hydroxybutyryl-ACP and holo-ACP identiﬁable in both samples.
As the acyl-CoA compounds used for synthesis were not appar-
ently cross-contaminated when analysed by MS, an explanation for
this observation was contamination of ACP-synthesis mixtures
with DH. A likely source of this was puriﬁed E. coli apo-ACP, which
was therefore further puriﬁed by reverse-phase chromatographyA 
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Fig. 4. Puriﬁcation of E. coli ACP on butyl-sepharose following anion-exchange chromato
(NH4)2SO4 and eluted with a gradient of 1.7–0 M (NH4)2SO4. Percentage buffer B containin
together with duration of sample loading and washing (dotted line) are shown. Fractions
conﬁrmed they contained ACP.
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Fig. 5. MS analysis of acyl-ACP substrates prepared with additionally puriﬁed E. coli ACP.
either: (A) crotonoyl-CoA or (B) 3-hydroxybutyryl-CoA and apo-ACP puriﬁed with rever
8965 m/z units.after the initial anion-exchange step. ACP puriﬁcation by decreas-
ing ammonium sulphate concentration on a reverse-phase column
has been reported [18] and high salt concentrations might be ex-
pected to disrupt binding of any ACP contaminants. Samples of
E. coli apo-ACP were applied to a butyl-sepharose column (Fig. 4)
and a substantial proportion of the ACP applied to the column
bound and was eluted in the gradient. Importantly a small A280
peak was observed during column loading and since ACP has a
low absorbance at 280 nm [19] due to a lack of aromatic amino
acids, this peak presumably corresponded to unbound contami-
nants. Highlighted ACP-fractions from this additional puriﬁcation
step were selected for subsequent substrate syntheses and reaction
products analysed by MS.
In contrast to the analysis described above, the 3-hydroxybuty-
ryl- and crotonoyl-ACP mass graphs showed clear differences
(Fig. 5). In particular there was no peak corresponding to%
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from the marked area were pooled for substrate synthesis after gel electrophoresis
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Fig. 6. MS analysis of crotonoyl-ACP in an assay of puriﬁed DH. Regions of mass-graphs derived from assay samples containing crotonoyl-ACP with either: (A) DH elution
buffer or (B) puriﬁed DH enzyme. A2 is an enlargement of part of the graph in A1 and reactions were incubated at 25 C for 16 min before sampling for MS infusion.
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tion (Fig. 5A). The [M+H]+ form of crotonoyl-ACP (mass 8917) is the
most abundant ion in this sample and only the [M+Na]+ adduct of
this (mass 8939) is present in the mass region 8930–8940 amu.
Some crotonoyl-ACP was however present in the 3-hydroxybuty-
ryl-ACP substrate (Fig. 5B), perhaps arising from contamination
in the acyl-CoA sample used for synthesis. The area of the mass
graph peak for crotonoyl-ACP in this sample was 3–4% the sum
of the [3-hydroxybutyryl-ACP+H]+ and [3-hydroxybutyryl-ACP+Na]+
peaks at 8935 and 8957 amu, respectively. These substrates did
not contain detectable holo-ACP (8848 m/z), probably because re-
verse chromatography removed it from the apo-ACP used for
synthesis.
Application of apo-ACP to reverse-phase chromatography was
required for synthesis of the two substrates and the observed
masses are consistent with acidiﬁed ACP-derivatives. Holo-ACP
has a theoretical mass of 8847 kDa [19], which leads to derived
masses of 8933 kDa and 8915 kDa for hydroxybutyryl- and croto-
noyl-ACP. Measured values are +1 or +2 kDa from these and a dif-
ference of 18 kDa is consistently detected between the two ACP-
derivatives. It has been reported that AcpS can utilise saturated
acyl-CoAs up to C10 [20] and crotonoyl-CoA [16] but we believe
this is the ﬁrst report of using the method to make a 3-hydroxy-
acyl-ACP-derivative.
3.3. Assay of 3-hydroxyacyl-ACP dehydratase activity
We observed no differences in UV absorbance between the
hydroxybutyryl- and crotonoyl-ACP compounds, which surprised
us as they have been reported in the literature [8,9]. Spectropho-
tometric assays were not possible with these ACP-derivatives but
MS analysis enabled a direct assay of puriﬁed A. thaliana DH by
detection of a mass change of 18 kDa. The presence of functional
DH should change the proportions of ACP-derivatives present and
this can be seen using crotonoyl-ACP, monitoring the reverse
reaction (Fig. 6). The most abundant ions present in the substrate
are the H+ and Na+ adducts of crotonoyl-ACP (mass 8918 and
8940) and addition of puriﬁed DH resulted in the appearance
of a new mass peak (8936 kDa) corresponding to the [3-hydrox-
yacyl-ACP+H]+ ion, which was not present when buffer alone
was added. After incubation with DH (Fig. 6B), the ratio of pro-
tonated crotonoyl-substrate (8918 kDa) to 3-hydroxyacyl-product
(8936 kDa) was 1:3.3, close to the value observed for E. coli DH
at equilibrium, and this value does not change on addition of
more DH.Addition of puriﬁed DH to crotonoyl-ACP changed the propor-
tions of acyl-ACP-derivatives in a manner consistent with an active
enzyme. The MS analysis reported here however does not readily
allow kinetic experiments to be done. In experiments with croto-
noyl-ACP for example, the proportionality of reaction extent to en-
zyme amount and time are difﬁcult to measure because of the
similarity in mass changes due to [M+Na]+ adduct formation and
addition of water in the catalysed reaction. Thus, for intermediate
points during a time-course assay, de-convolution of the charge-
series spectra to produce the mass graph results in apparently
intermediate-sized ACP-derivatives of 8938 and 8937 kDa being
identiﬁed as the ratio of [crotonoyl-ACP+Na]+ (8939 kDa) and [3-
hydroxybutyryl-ACP+H]+ (8935 kDa) changes. It is only when incu-
bations reach apparent equilibrium (for example that shown in
Fig. 6B) that [crotonoyl-ACP+H]+ and [3-hydroxybutyryl-ACP+H]+,
separated by 18 amu, are clearly resolved.
We have expressed, puriﬁed and demonstrated activity of a
putative A. thaliana DH. The database-entry for this lists the pres-
ence of InterPro Beta-hydroxyacyl-(acyl-carrier-protein) dehydra-
tase FabZ and FabA/FabZ domains but to our knowledge this is
the ﬁrst deﬁnitive proof of function of a plant dehydratase enzyme,
which will be of beneﬁt in further studies on A. thaliana FAS pro-
teins. Whilst we have detailed knowledge of the structure of sev-
eral plant FAS enzymes after X-ray crystallography, little is
known about the interactions of the FAS components with those
of different catalytic function. It is of interest that a sequenced
anomalous band that co-puriﬁed with both enoyl-ACP reductase
and acyl-ACP thioesterase from developing rapeseed [21] can
now be deﬁnitely assigned as 3-hydroxyacyl-ACP dehydratase,
indicating that these three enzymes are possibly associated in vivo.
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